HORTSCIENCE 31(1): 147-149. 1996 .
Meloidogyne species, including M. hapla. However, this resistance has not been transferred into commercial L. esculentum cultivars yet. At 28C, the resistance conferred by the Mi-1 gene breaks down and marks the point above which tomato genotypes exhibit heat stress symptoms, reducing vigor and yield (AbdulBaki, 1991) . Our study was designed to determine 1) the temperature at which resistance conferred by the Mi-1 gene breaks down after inoculating tomato genotypes that have the Mi-1 gene in homozygous or heterozygous form with M. incognita or M. arenaria and 2) whether the action of the Mi-1 gene is altered by high temperature in a heat-tolerant tomato genotype.
Materials and Methods
Properties and sources of genotypes. Eight tomato genotypes were selected based on susceptibility or resistance to Meloidogyne spp. root-knot nematodes and on tolerance to hightemperature stress. Rutgers and Ace-55 UF lack the dominant allele at the Mi-1 locus, PikRed, Pik-Rite, Better Boy, Celebrity, and CLN 475-BC 1 F 2 -265-4-19 (CLN) are heterozygous (Mimi) at the Mi-1 locus, while Orion is homozygous (MiMi). All genotypes, except CLN, are heat sensitive. CLN seeds were made available through the Asian Vegetable Research and Development Center, Taiwan. Seeds of the remaining genotypes were provided by Harris Moran Seed Co., Modesto, Calif.
Root explant cultures and inoculation. Preparation of root explant cultures was accomplished according to Haroon et al. (1993) . Seeds (300 per genotype) were sonicated for 3 min in 95% ethanol followed by a 10-min soak in 0.5% sodium hypochlorite and were transferred to sterile 1.5% water agar plates where they were maintained for 3 days at 28C. A 5-mm-long root tip was excised from each seedling and then was transferred to a sterile petri plate (one root tip per plate) containing Gamborg's B-5 medium (Gibco, Grand Island, N.Y.) , resulting in a total of 60 petri plates for each tomato genotype. One-third (20 plates) of the petri plates was left uninoculated; one-third was inoculated with egg masses (one per plate) from cultures of M. incognita, race 3; and one-third was inoculated with egg masses (one per plate) from cultures of M. arenaria. The M. incognita and M. arenaria cultures had been maintained on sterile root explants of Rutgers tomato. Hence, the three main treatments in each of the eight tomato genotypes were uninoculated and inoculated with M. incognita or M. arenaria.
To determine the extent of resistance offered by the Mi-1 gene against M. incognita and M. arenaria with temperatures at various heat stress levels (28, 31, 34, and 37C) , the petri plates from each of the three main treatments (20 plates per genotype) were divided further into four groups, each consisting of five plates. Each of the four groups was placed in a plastic bag, sealed, and incubated at the constant temperatures noted and was evaluated after 35 days. One growth chamber was heavily infested soil (Medina Filho and Stevens, 1980) .
Resistance in tomato to root-knot nematodes first was observed by Bailey (1941) in the wild species Lycopersicon peruvianum (L.) Mill. P.I. 128657. Using embryo rescue, Smith (1944) introduced this trait into the domesticated L. esculentum. This resistance was subsequently shown to be encoded by a single dominant gene (Mi-1) located on chromosome 6 (Ho et al., 1992) . This gene confers resistance to M. incognita, M. arenaria, and M. javanica, but not M. hapla (Cap et al., 1993) .
Many factors (e.g., heat, soil moisture, and host variety) affect the rate at which the life cycle of the nematode proceeds, ultimately regulating population increase (Ferris and Van Gundy, 1979) . Temperature is the primary influence because it affects the metabolic and developmental rates of nematodes and the functioning of the Mi-1 gene.
Homozygous dominant plants (MiMi) are less susceptible to galling than heterozygous plants ( Barham and Winstead, 1957; Laterrot, 1973) , suggesting an additive gene action at the Mi locus. A breakdown in Mi-conferred resistance occurs when soil temperatures are ≥28C (Dropkin, 1969; Medina Filho and Stevens, 1980) . At ≥28C, resistant and susceptible plants are affected equally (Dropkin, 1976) . More recently, Ammati et al. (1985) and Cap et al. (1993) reported that heat-stable resistance in Lycopersicon is conditioned by Mi-2, which is nonallelic to Mi-1. The Mi-2 locus confers resistance to the four major Root-knot nematodes of the genus Meloidogyne (Kofoid and White) Chitwood are distributed more widely than any other genus of plant-parasitic nematodes (Sasser, 1977) and cause severe damage to a wide variety of crops (Eisenback and Triantaphyllou, 1991) . In tropical, subtropical, and warm temperate areas, where temperatures are high and growing seasons are sufficiently long to allow the production of several nematode generations per year, nematode population densities increase rapidly (Cap et al., 1993) and crop yields may be drastically reduced (Lamberti, 1979) .
Of 37 recognized species of root-knot nematodes, seven are known to attack tomatoes, and four inflict severe damage (Medina Filho and Stevens, 1980) . In order of decreasing incidence, they are Meloidogyne incognita, M. arenaria, M. javanica (Treub) Chitwood, and M. hapla Chitwood (Mai, 1985 
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To determine total increase in fresh mass of uninoculated excised roots at the end of 35 days, the petri plates were placed in a microwave oven for 20 sec to melt the agar at 56C. The roots were removed, blotted on filter paper to remove excess moisture, and weighed. To determine nematode penetration, all root explants that had been inoculated with M. incognita or M. arenaria were handled similarly and then stained with cotton blue, a modification from Bridge et al. (1981) . Enumeration of the second-stage juveniles (J2) per root was made on a stereomicroscope. The two experiments were combined and analyzed as a split plot; temperature was the whole-plot treatment, the growth chambers were the whole plots, and the subplot treatments were arranged as an eight (genotype) × two (nematode species) factorial.
An index measuring nematode resistance was calculated similarly to Cap et al. (1991) . Plants were considered resistant if the number of juveniles per gram of root was <10% of the average of the corresponding number per gram for susceptible genotypes Ace-55 UF and Rutgers.
The percent resistance for the five plates for each genotype × species × temperature combination was used as the response variable. The split-plot analysis of variance model was fitted by weighted least squares to account for heterogeneous variance. For each temperature × species combination, the nematode resistance for each heterozygous strain was compared to that of the homozygous strain Orion using a t test.
Results
Fresh mass of excised roots held at a constant 28C differed among genotypes (Table 1) . CLN grew best and Rutgers least; Pik-Rite was least affected by an increase in temperature. In contrast, root growth of the other genotypes was significantly less at 31 and 34C, with the reduction being most severe in of galls after 5 to 7 weeks of exposure to infected soils, whereas heterozygous (Mimi) plants displayed galls more frequently. Dropkin (1969) reported differences among tomato genotypes with respect to the temperature at which resistance conferred by the Mi-1 gene is lost as the temperature increases. Research indicates that resistance is lost at >28C (Papadopolous and Tiessen, 1983; Tindall et al., 1990) . Our results suggest that resistance was maintained in all genotypes at >34C. The difference between our results and those reported by others may be attributable to differences in experimental approach. The in vitro method we used for growing the root explants in a growth chamber provides more precise control of the temperature than growing the intact plant in soil medium in the greenhouse. Moreover, the culture system was independent of factors such as the aerial portions of the intact plants, air temperature, and demand of sinks for synthates. As such, the results reflect the growth pattern of isolated roots in a confined environment, rather than the behavior of intact roots in a complex environment influenced by factors that affect growth (Papadopolous and Tiessen, 1983; Tindall et al., 1990) . Furthermore, the culture system is less costly and more adapted to routine testing than growing the plants in infested soil in the greenhouse. Thus, routine evaluation of additional tomato germplasm for nematode resistance could be facilitated by adopting the root explant method.
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Changes in the expression of resistance conferred by the Mi-1 gene in tomato genotypes, in response to M. incognita and M. arenaria with increasing temperatures from 28 to 37C, were determined on J2 nematodes (Table 2 ). All but Better Boy exhibited 100% resistance to both nematode species at 28 and 31C; Better Boy demonstrated 91% resistance in the J2 stage of M. arenaria. Differences in the Mi-1 gene expression among genotypes began to appear at 34C. Celebrity and Better Boy, which are Mimi, demonstrated the highest levels of resistance to M. incognita and M. arenaria. These levels were higher than the level of resistance expressed in Orion (MiMi).
Discussion
Our results indicate that the fresh mass of tomato genotype root explants in the presence of M. incognita and M. arenaria was adversely affected by high temperature in some, but not all, genotypes (e.g., Pik-Rite). Moreover, fresh mass did not seem to be related to heat tolerance (CLN) or the presence of the Mi-1 gene. Except for Pik-Rite, root growth of all genotypes was reduced significantly (≥36%) before loss of resistance to M. incognita and M. arenaria. This result suggests that resistance conferred by the Mi-1 gene is expressed equally in the homozygous and heterozygous forms. Our results differ from those reported by Barham and Winstead (1957) and Laterrot (1973) , in which tomato plants homozygous (MiMi) at the Mi-1 locus were usually devoid The maximum least significant difference is for comparisons between genotypes within temperatures (LSD A ) and corresponds to the maximum SE among the pairwise differences. The maximum LSD B is for comparisons between temperatures within genotypes and corresponds to the maximum SE among the pairwise differences. y Accession CLN 475-BC 1 F 2 -265-4-19. 
